Introduction
The discovery of topological insulators(TIs) is one of the recent breakthroughs in condensed matter physics. They have been at the forefront of materials research due to their unique electronic properties and potential for wide range of applications. Like band insulators, TIs host a bulk band gap and do not conduct electricity in the bulk. However, on the surface they host robust symmetry protected massless metallic states that support spin-polarized conduction [1] [2] [3] .
These surface states result from the bulk electronic topology and associated band inversion due to strong spin-orbit coupling. The low energy dynamics of such massless surface states can be described with a Dirac Hamiltonian with spin locked to momentum H= v F (σ × k).ẑ, where is reduced Plank's constant, v F is the fermi velocity, σ stands for Pauli matrices and k is the wave vector. The topology of a time-reversal (TR) symmetry invariant insulator is characterized by Z 2 indices which can be either be zero (topologically trivial) or one (topologically non-trivial) 4, 5 .
In 2-D, a single Z 2 invariant (ν 0 ) specifies the topology, where as in 3-D four Z 2 invariants are needed (ν 0 ,ν 1 ,ν 2 ,ν 3 ) 6, 7 . In 3-D, a TR invariant topological insulator can further be classified as strong topological insulator (STI) [8] [9] [10] or weak topological insulator (WTI), based on whether a TI hosts odd or even number of Dirac cones on its surfaces respectively. For an STI, ν 0 =1
and (ν 1 ,ν 2 ,ν 3 ) can be 0 or 1, whereas for a WTI, ν 0 =0 and atleast one of (ν 1 ,ν 2 ,ν 3 ) should be non-zero [4] [5] [6] [7] 11 . While an STI exhibits topological surface states (TSS) with odd number of Dirac cones on any surface [8] [9] [10] , a WTI hosts TSS with even number of Dirac cones only at specific surface planes
12
. A WTI phase can be adiabatically connected to stacked layers of 2D strong TIs 12, 13 , and its surface states are linked to the edge states of each 2D TI layer. Translationalinvariant coupling between these layers gaps out the surface states perpendicular to the layer directions 14 , leaving the Dirac cones to manifest only at their side surfaces 12, 15, 16 . In this regard, 
Theoretical Analysis
Electronic structure of BiSe, calculated within a non-relativistic approximation at the experimental lattice constant 36 (see Fig. 2 ), reveals a metallic character with a flat conduction band along Γ-A line just above Fermi level (E F ), which is highly localized and confined to the bismuth bilayer (see Supplementary Fig. S 1b) Goverts et al. 38 recently questioned the claim that bismuth bilayer terminated Bi 2 Se 3 exhibits a single Dirac cone in the electronic structure of (001) . Crossing of these bands (E R ) occurs at E b ∼ -0.18 eV at the Γ-point. In the vicinity of this point, these bands exhibit nearly linear dispersion, like Dirac cone states. However, E R is not clearly visible due to mixing of this feature with the BVB states. The Rashba parameter 2E R /k 0 which has been calculated by using the estimated values of E R and k 0 from the ARPES data (see Fig. 3a ) is 1.8 eVÅ. Comparing these results with the relativistic band structure of BiSe (see Fig. 2b ) along the (001) plane, it is clear that the calculated surface states, appearing along the Γ-M direction (marked by red color box) due to strong spin-orbit coupling (SOC), are in fairly good agreement with the SSB observed in the ARPES image. However, the energy position of the SSB in the calculated band structure is at a lower binding energy than that in the experimental ARPES data. This difference in the energy position could be due to band bending 41 and/or due to intrinsic doping from charged defects.
In order to understand the isotropic nature of the SSB, we measured the ARPES spectra along two different orientation:
Along the Γ-M direction, the second RS state is completely visible(see Fig. 3c ), unlike the previous case (see Fig. 3a) . However, the separation between the two RS states is not well resolved and a dumbbell shape intensity distribution is observed around the Γ-point. In the other k-direction Γ-M " , maximum of the second parabolic band appears blurred and near the E F intensity distribution shows a pear shape structure around the Γ-point, as seen in Fig. 3d . It is clear from these ARPES images that there are two Rashba spin split SSB states in BiSe which arise from the Rashba splitting of states in the Bi bilayer due to potential gradient generated from the charge transfer from Bi bilayer to the Bi 2 Se 3 quintuple layers. Though, the RS states like SSB are not well resolved, these observations are close to our theoretical band-structure prediction of weak topologically insulating phase in BiSe. Secondly, these observations are also consistent with a previous ARPES study on a similar system i.e. Bi films grown on Bi 2 Se 3 42 .
On the other hand, these SSB are remarkably different from the SSB found in a typical strong topological insulator, for example Bi 2 Se 3 , shown in Fig. 3e . In this case, the single Dirac cone like feature is clearly visible in the vicinity of E F near the Γ-point. This difference in the observed ARPES intensity pattern between BiSe and strong TI, Bi 2 Se 3 further confirms the topologically distinct character of the SSB in BiSe.
Low temperature magnetotransport measurements
The electronic structure of BiSe has its signatures in the low temperature magneto-transport properties (see Fig. 4a ). We find that its resistivity increases with temperature, marking a metallic behavior. The carrier concentration and mobility estimated from Hall effect measurement are n e = 5.14 × 10 20 cm −3 and µ = 722cm 2 V −1 s −1 respectively for a single crystal flake of thickness 0.22mm. This carrier concentration can be attributed to selenium vacancy defects as corroborated by our ARPES measurements, but a large bulk carrier concentration proves to be a major obstacle in sieving out transport properties of only the surface states.
Resistance measured in a perpendicular magnetic field (see Fig. 4b ) produced non-saturating linear magnetoresistance. Though, the origin of linear magnetoresistance is highly debated, we assume this might be due to the continously varrying fluctuations in the conductivity in the weak disorder limit 43 (discussed later).
A large bulk conduction observed in single crystal flakes of thickness of the order of millimeters can be quantified with dimensional scaling of properties of films. Hence, we grew thin crystalline films of BiSe using pulsed laser deposition(PLD) on SiO 2 (500nm)/Si(111) substrates.
We used X-ray diffraction and atomic-force microscopy to characterize the crystallinity of our thin films and determine the surface morphology respectively (see Supplementary section I).
Electrical transport measurements were carried out on two BiSe films patterned into standard six probe Hall bars of different thickness, both in the ultra-thin regime. In the zero-field resistivity ρ xx data for 9nm and 15nm samples as a function of temperature (see Fig. 5a ), a sharp low-temperature resistivity upturn below ∼30K is indicative of an insulating ground state at low temperatures. At T=230K, we observe another transition from metallic to semiconducting state. This can be explained as follows: in the two channel model with a metallic surface in parallel with a semiconducting bulk
44
, the net conductance of the sample is dominated by the more conducting channel. As a function of increasing temperature, the conductance of the metallic channel decreases linearly while that of the semiconducting bulk increases exponentially. One therefore expects a cross-over temperature above which conductance of the semiconducting bulk exceeds the conductance of the metallic surface states originating from the Rashba-spin split bands, driving a high temperature transition to semiconducting behavior. This is what we observe for the 15nm film. However, for the 9nm film, where the bulk conduction is smaller, such a transition is expected to happen at a higher temperature, and we therefore do not observe it in our measurements till 300K. We observed linear Hall resistance for both 15nm and 9nm samples. The linearity indicates that majority of charge cariers are of simillar type and mobility
45
. The carrier concentrations of both the samples are of the same order with n e = 9. , where γ is a dimensionless parameter that measures the strength of disorder, k f is fermi wave vector and l is the mean free path, to be 0.25 and 0.40 for 15nm and 9nm respectively (γ 1, corresponds to weak disorder), which indicates that our films fall in the weak-disorder regime. In the limit of weak disorder, weak localization corrections to conductivity are expected to appear at low temperatures. By applying a small magnetic field, the weak localization correction to conductivity can be destroyed thereby forming a powerful tool to probe weakly disordered conductors. A wealth of information about electron dynamics including phase relaxation lifetimes, nature of disorder and symmetry classes of governing
Hamiltonians can be extracted from these measurements.
Since, 3D topological insulators (both STIs and WTIs) belong to the symplectic class in Altland-Zirnbauer classification 47 , they exhibit weak anti-localization, with correction to the Drude conductivity arising from destructive interference of time-reversed paths. With application of magnetic field, time reversed trajectories accumulate opposite phases, eventually leading to decoherence when the phase difference is of order ∼ π. This magnetic field induces suppression of weak anti-localization corrections in two dimensional systems is quantified by the HLN
, where e is charge of electron, L φ is the phase coherence length, α is WAL co-efficient and Ψ is the digamma function.
We measured magneto-resistance at different temperatures from 2K to 25K in a perpendicular B-field upto 7T (see Fig. 5b ). At low temeperatures, in contrast to single crystal flake, a well-defined weak-anti-localization cusp is clearly seen in the low field region that graduates into a linear magnetoresistance regime for higher fields. Fitting the HLN equation upto 0.5T, we find out the phase coherence L Φ (45nm, 73nm at 2K) and α (0.33, 0.42 at 2K) for 9nm and 15nm films respectively (see Fig. 5b and 5d) . From WAL point of view, α corresponds to the number of 2D coherent conduction channels present in the system. A coherent channel having a π-Berry's phase should contribute a value of 0.5 to α. We observed that the value of α remains close to 0.5 (0.33 and 0.42 for 9m and 15nm respectively) indiacting a single coherent conducting channel contributing to the conductance. The phase-coherence length increases moderately from 45nm to 73nm with thickness. It is interesting to note that parallel field yeilds significantly lower magnetoresistance compared to perpendicular field configuration simillar to STIs (see Supplementary section II), which needs to be understood further.
The observed WAL is a result of destructive intereference of electron paths due to π Berry's phase in topological insulators. Supplementary Fig. S 3d) .
The empty dispersion-less conduction band along Γ-A in (a) makes BiSe weakly unstable, as evident from its phonon dispersion (d) calculated without including spin-orbit coupling. 
